Nuclear RNA interference (RNAi) is mediated by the canonical RNAi machinery and can lead to transcriptional silencing, transcriptional activation, or modulation of alternative splicing patterns. These effects transpire through changes in histone and DNA modifications via RNAi-mediated recruitment of chromatin-modifying enzymes. To prove that nuclear RNAi occurs and modulates transcription in human cells, we used live-cell imaging to detect and track nuclear RNAi transcriptional repression in single living human cells. While employing reporter genes constructed with inducible promoters and cognate-inducible short hairpin RNA (shRNA) targeted against the reporter coding region, we have characterized the dynamics of the nuclear RNAi process in living human cells. We show that the silencing effect is mediated through the nascent mRNA, followed by activity of histone methylating enzymes, but not through DNA methylation.
R
NA interference (RNAi) is a cellular mechanism for controlling gene expression, in which the cell uses small RNAs to achieve posttranscriptional specific gene silencing (1) . The small RNAs that mediate sequence-specific mRNA degradation, or protein translation inhibition, are ∼21-nucleotide-long shortinterfering RNA molecules (siRNA) generated from Drosha and Dicer cleavage of longer double-stranded RNA (dsRNA), or micro-RNAs (miRNA) generated from nuclear transcribed dsRNA (2) . RNAi results in sequence-specific gene silencing through a variety of mechanisms (3) (4) (5) . RNAi is considered a cytoplasmic process controlling gene expression long after mRNA transcription has occurred in the nucleus. However, many of the proteins of the RNAi machinery as well as the small RNAs have been detected in the nucleus (6, 7) , and therefore RNAi might have nuclear roles and the ability to act on transcripts immediately after their release from the parental DNA, or even during transcription.
The nuclear process of RNAi in nonmammalian cells was initially identified in plants (8) , and later recognized in other organisms (9) (10) (11) (12) . In mammalian cells, nuclear RNAi was first described by the identification of small RNAs that shared sequence homology to promoter sequences, and silencing was attributed to changes in histone modifications and DNA methylation (13) . While this was highly controversial at the time (6), currently, it is known that the RNAi machinery is present and active in the nucleus (14) , and it is generally accepted that several mechanisms of mammalian nuclear RNAi do exist. These can lead to RNAi-mediated gene silencing, gene activation, or modulation of alternative splicing, via recruitment of various enzymes that yield changes in histone modifications (6, 7, 15, 16) .
The small RNAs could act in the nucleus through binding to DNA, RNA, or proteins of the transcription machinery (17) . Naturally, as in the cytoplasm, the nascent RNA that is complementary to the small RNA would be a reasonable candidate for nuclear RNAi targeting. Indeed, cotranscriptional siRNA binding and RNA processing were suggested in yeast cells (18) , but, currently, there is little evidence for these mRNA:siRNA interactions in mammalian cells. For instance, short hairpin RNAs (shRNAs) designed to target a promoter region were shown to cause transcriptional activation of the gene by binding to long noncoding RNAs (lncRNAs) transcribed from the promoter, although cleavage of the lncRNAs was not observed (19) . Recently, a study in fission yeast has demonstrated that small RNAs bind directly to the nascent pre-mRNA and yield epigenetic repression (20) . Moreover, those authors show that transcription must occur above a minimal threshold in order for small RNA-directed heterochromatin to form.
In this study, we set out to detect and follow the kinetics of nuclear RNAi as it occurs in real time in single living human cells. We expressed shRNAs targeting a GFP coding sequence transcribed by genes with two different inducible promoters that can be tracked in living cells (21, 22) . Transcription from the targeted genes was significantly reduced in a time window of several hours after induction of shRNA expression. The silencing effect took place when the location of the GFP sequence in the gene was at the 5′ or at the 3′ of the gene, and far from the promoter, showing that the pre-mRNA was being targeted. Specific inhibitors of histone methyltransferases (HMTs) but not DNA methylation reduced the silencing effect, as did knockdown of Argonaute (AGO) proteins and HP1γ, indicating that the RNAi-mediated transcriptional silencing was occurring on the gene via the recruitment of RNAi factors, histone modifying enzymes, and transient epigenetic control of transcription.
Results
Generation of an Inducible Gene Expression System and an Inducible shRNA System That Can Be Visualized in Living Cells. To examine Significance RNA interference (RNAi) is a natural process occurring in cells, and is used to silence genes. Typically, RNAi occurs via small RNA molecules generated in the cell nucleus, which are exported to the cytoplasm where they silence messenger RNA (mRNA) molecules. However, RNAi is thought to occur in the nucleus as well. To demonstrate that this process can occur in the nucleus and to determine its dynamics, we generated human cell systems that enabled us to image living cells and to track gene silencing as it transpired in real time. We found that the RNAi machinery can target the mRNA as it is being transcribed, and that silencing is mediated through modifications occurring on histone proteins bound to the DNA.
whether nuclear RNAi can be observed in human cells as it occurs in real time, we decided to target mRNAs transcribed from genes with inducible promoters, for which the mRNAs can be detected and tracked over time in single living human cells. The approach we describe here sets out to assess the levels of gene activity in the nucleus under RNAi conditions, by using RNA fluorescence in situ hybridization (FISH) with probes that will detect the active genes. The levels of gene activity will be determined by measuring the intensities of the active transcription sites.
The RNAi activity was designed to target GFP coding sequences of the transcribed mRNAs. To this end, we designed a gene construct with a Tet-inducible promoter that encodes a combined transcript of turboRed fluorescent protein (tRFP), which contains in its 3′UTR an shRNA sequence that targets the mRNA sequence of GFP (Fig. 1A) . The red fluorescent protein serves as an indicator for shRNA expression, and the intensity of the red color should be proportional to the levels of the expressed shRNA in individual cells.
The Tet-inducible shRNA construct was coexpressed in two types of inducible gene expression systems. The first cell system is also a gene system with a Tet-inducible promoter termed E6, which contains a gene with six exons and five introns, and is based on the β-globin minigene (21) (Fig. 1B) . The last exon encodes an in-frame cyan fluorescent protein (CFP) that comprises a peroxisome targeting signal (Ser-Lys-Leu, SKL tripeptide), such that the protein translated from this gene accumulates in peroxisomes. The 3′UTR contains 18 MS2 sequence repeats that enable [after the induction of transcription by doxycycline (dox)] the detection of the transcribed E6 mRNAs in the cells, by a coexpressed YFP-MS2 coat protein (YFP-MCP) that specifically binds to the MS2 loops formed in the transcribed E6 mRNAs (Fig. 1C) .
The second inducible gene system is induced by Ponasterone A (PonA) and transcribes a GFP-fusion protein of dystrophin. The mRNA also contains MS2 sequence repeats in its 3′UTR (22) (Fig.  1 D and E) . Both E6 and GFP-Dys genes are stably integrated in human U2OS cells. Since the gene constructs were integrated as tandem gene arrays (23), they formed a strong and detectable site of transcription, and therefore have been used for tracking the transcriptional activity of genes in individual cells (21, 22) . The shRNA-GFP expressing gene construct contains an inducible promoter (Tet-On + dox), a tRFP coding sequence fused in the 3′UTR to an shRNA module that targets GFP mRNA (sh-GFP). (B) The E6 gene construct containing an inducible promoter (Tet-On + dox) and a gene encoding an mRNA with the following modules: β-globin coding region fused to Cerulean fluorescent protein (CFP, cyan) followed by a 3′UTR containing 18× MS2 sequence repeats (gray), which allows the detection of the transcribed mRNA by YFP-MCP dimers (yellow) that bind the MS2 stem loops in the mRNA. The protein product is detected as CFP-labeled peroxisomes. (C) An example of an E6 cell induced with dox for 12 h, showing the transcribed E6 mRNA at the transcription site (arrow) and throughout the cell labeled with YFP-MCP (yellow), and the CFP-SKL protein product in cytoplasmic peroxisomes (cyan). DIC is in gray. (Scale bar, 10 μm.) (D) The GFP-Dys construct contains an inducible promoter [minimal heat shock promoter (mHSP), induced by PonA]. The GFP-Dys gene encodes an mRNA with the following modules: fluorescent protein (GFP, green) fused to dystrophin coding regions, followed by a 3′UTR containing 24× MS2 sequence repeats (gray). The transcribed GFP-Dys mRNA is coated with YFP-MCP proteins (yellow) for detection in live-cell imaging experiments. (E) RNA-FISH with probes to the 5′-GFP (green) and 3′-MS2 (red) regions of the transcribed mRNAs of the GFP-Dys cells induced by PonA. Arrows point to the active transcription sites. (Scale bar, 10 μm.) (F) The expected results if nuclear RNAi is at play. The target gene and the shRNA are both inducible. The target gene will begin transcribing and an active transcription site will be observed during the first hours of induction. As the levels of the tRFP protein increase, i.e., the levels of shRNA/siRNA increase, we expect a reduction in the number of nuclear mRNAs transcribed from the gene. If there is also an effect on transcription, then a change in the size of the active transcription site should be observed.
First, we verified that the shRNA sequence targeting the GFP coding region was functional. Since GFP and CFP mRNA sequences are highly related, the shRNA to GFP was designed to target the GFP coding region in the GFP-Dys mRNA, as well as the CFP coding sequence in the E6 mRNA (Fig. S1 ). The potency of the shRNA was first tested by cotransfection of a noninducible shRNA and a GFP plasmid into HEK293T cells. A control shRNA to p53 (sh-p53) had no effect on the GFP fluorescence levels in the cells, whereas the shRNA to GFP (sh-GFP) significantly reduced GFP fluorescence levels (Fig. S2A) . The same shRNA plasmids were also transfected into GFP-Dys cells, and the activity of the gene was examined using RNA FISH with probes that detect the MS2 region of the mRNAs. A dramatic reduction in the intensity of the active genes was observed (Fig. S2B) . Next, the numbers of cytoplasmic and nuclear GFPDys mRNAs were counted using single-molecule RNA FISH. GFP-Dys mRNA levels were significantly reduced in both compartments by sh-GFP but not by sh-p53, as quantified ( Fig. S2 C and D) . In these experiments, the shRNA plasmids were cotransfected with either DsRed-or mCherry-encoding plasmids to identify cells that received the shRNA.
After confirming the silencing activity of the sh-GFP sequence, we used the Tet-inducible shRNA system ( Fig. 1) , which leads to the generation of a tRFP protein and a shRNA processed from the same transcript. To show that an siRNA was generated and that its levels increased over time after dox induction, we examined siRNA-GFP levels using a real-time RT-PCR approach that detects small RNAs (24) . We observed a time-dependent increase in the siRNA levels (Fig. S3A) . In this expression system, the RNAi process does not affect the levels of the red tRFP protein that is expressed as a marker for the expression of the shRNA, since there is no sequence compatibility between the shRNA and the tRFP mRNA sequences (Fig. S1) . Notably, the shRNA was not targeted to the two different promoter regions of the genes. Rather, the shRNA targeted the GFP region of GFP-Dys mRNA located at the 5′ portion of the transcript, and the CFP region of the E6 mRNA located at the 3′ portion of the E6 transcript, allowing us to test if targeting the nascent mRNAs, rather than the promoter region, has a nuclear RNAi effect.
As a control shRNA, we used a nonsilencing inducible shRNA (sh-NS). This construct had no effect on GFP fluorescence in HEK293T cells expressing a GFP construct, compared with sh-GFP that significantly reduced GFP fluorescence (Fig. S3B) . Altogether, we expected to observe that the induction of the Tetinducible shRNA gene, together with the transcriptional induction, should reduce the levels of cytoplasmic mRNAs and the protein products of the target gene, E6. This was confirmed by Western blotting (Fig. S3 C and D) and RT-PCR (Fig. S3 E and  F) . Importantly, if nuclear RNAi was indeed taking place, then we would expect to observe a reduction in the levels of the nuclear mRNAs transcribed from these genes. Moreover, if the action of the nuclear RNAi has an effect on gene activity per se, as suggested in some studies, then we would anticipate a change in the transcriptional activity levels of the transcribing genes, and this will be measured by RNA FISH (Fig. 1F) .
RNAi Reduces the Levels of Gene Activity. The tRFP/sh-GFP construct was transfected into E6 cells, and, upon dox addition, was expressed in parallel to the E6 transcript. The E6 mRNA was detected using RNA FISH with a probe to the MS2 region, which therefore detects both the cytoplasmic MS2-containing mRNAs and the nascent nuclear RNA at the transcription sites. We observed that cells containing high levels of the tRFP protein, i.e., expressing high levels of the shRNA to GFP, had significantly smaller transcription sites, compared with control untransfected cells and to cells that expressed a tRFP/sh-NS nonsilencing construct that generates a nontargeting control shRNA ( Fig. 2 A and B) . There was a correlation between the intensity levels of tRFP in the cells and the reduced levels in the mRNA intensity on the transcribed genes ( Fig. 2 C and D) . Using infection of the inducible shRNA constructs, we generated two stable E6 cell clones, expressing either the sh-GFP or the sh-NS. When we monitored these cells over time (from shRNA and E6 gene induction), we could see that transcriptional intensity on the E6 gene increased over time in the sh-NS-expressing cells as expected, but was significantly decreased in the sh-GFP-expressing cells (Fig. S4A) .
We tested this effect also in GFP-Dys tRFP/sh-GFP stably infected cells, in which we already observed a significant reduction in transcription site size (Fig. S2B ). There are several advantages for using these cells in imaging experiments. The active transcription sites (tandem gene arrays) in the GFP-Dys cells are particularly large, the gene and shRNA are expressed from two different promoters, and the cell clone we used has several genomic integration loci. Therefore, we could observe three to four very large and highly transcriptionally active gene arrays in most cells, and could examine whether the nuclear RNAi activity was able to affect all of the active GFP-Dys genes. Indeed, a silencing effect was observed in GFP-Dys cells infected with sh-GFP and not with sh-NS (Fig. S4B) . From 9 h onward after sh-GFP expression, there was a decrease in mRNA levels, which was accompanied by a significant reduction in the size and intensity of all of the transcription sites. The strong reduction in the intensity of the transcription sites (i.e., low fluorescence signal from the nascent transcripts being transcribed on these genes) suggested that there was a very powerful transcription silencing effect. Finally, we expressed the inducible sh-GFP and sh-NS constructs in U2OS cells containing an in-frame integration of the YFP coding region in one endogenous allele of the importin 7 (IPO7) gene (25) . We reasoned that the nuclear RNAi effect should be detected also on an endogenous gene. Indeed, the intensity of the mRNAs transcribed on the active IPO7-YFP allele was significantly reduced when sh-GFP was expressed (Fig. S4C) .
To quantify the nuclear RNAi effect, we used the stable tRFP/ sh-GFP E6 cells, and compared the intensity of their transcription sites to control cells. Both the E6 gene and the sh-GFP gene were activated at the same time using dox. While, in control cells, the intensity of the transcription sites strongly increased over 9 h and then remained active even up to 72 h, the sh-GFP-infected cells, while accumulating tRFP protein, showed moderate transcriptional induction until ∼6 h, which then declined over time (Fig. 3A) . The quantification of transcription site intensity showed that the 9-h time point demonstrated the largest difference between the control and shRNA-GFP-treated cells (Fig.  3B) . The RNAi effect lasted for many hours but diminished after 48 h.
Taking advantage of the MS2 tag used for live-cell imaging of mRNA, we could follow the genes' activity in real time, and observed a gradual decline in the transcription site size in cells expressing the sh-GFP, meaning that the silencing effect was not rapid but probably required a continuous flow of shRNA. The dynamics were similar to those observed in fixed cells, showing that the major drop in transcription site intensity was occurring around 9 h after dox induction ( Fig. 4 and Movies S1-S5). Fig. 3 . The shRNA directed to the GFP coding sequence reduces transcription site intensity. (A) Control E6 cells and E6 cells that were transfected with the TRIPZ viral construct encoding the sh-GFP sequence were induced by dox for 72 h. E6 mRNAs were detected using RNA FISH with a fluorescent probe that hybridizes to the MS2 region. From 9 h onward, there was a decrease in the E6 mRNA levels in the sh-GFP expressing cells, which was accompanied by a significant reduction in transcription size and intensity. The signal is pseudocolored using the ImageJ Cyan Hot look-up table and adjusted to make the weak transcription sites visible (Materials and Methods). Color scale is as follows: black, low intensity; white, high intensity. Control cells that did not express the sh-GFP, even those imaged for 16 h, did not show a reduction in gene activity, implying that reduction in transcriptional activity was caused by the sh-GFP. It is important to note that the sh-GFP can potentially target the YFP sequence of the YFP-MCP mRNA. Therefore, we verified, by image quantification and by Western blotting, that the levels of YFP-MCP were not affected during shRNA induction (Fig. S5) .
Acquiring data from individual living cells showed that, under control conditions, the transcription site intensity tended to increase for many hours until reaching a plateau, whereas, under sh-GFP conditions, the transcription sites were reduced in size and in intensity (Fig. 5) . The size-reduced transcription sites under sh-GFP treatment were active transcription sites, since the nascent mRNA transcripts (as seen by RNA FISH or YFP-MCP) were still associated with them. In addition, the transcription sites showed the continued presence of RNA polymerase II, although at lower levels, as seen by immunofluorescence of the endogenous polymerase (Fig. S6) .
Nuclear RNAi Transcriptional Repression Is Mediated Through HMTs.
Since we could detect the recruitment of RNA Pol II to the active transcription sites, we examined if any RNAi proteins might be accumulating to a detectable level on the genes. However, no particular accumulation was detected (Fig. S7) . We next examined whether the nuclear RNAi effect might lead to methylation of promoter regions. Using bisulfite conversion, we examined whether methylation was occurring. We used a simpler HEK293 cell system that stably expressed a GFP gene driven by a CMV promoter to obtain high-quality mapping of DNA methylation sites. The cells were infected with the tRFP/shRNA construct. However, no change in the DNA methylation pattern was observed.
Next, we examined whether histone modifications might be involved in nuclear RNAi-induced transcriptional repression. Since it has been suggested that nuclear RNAi at active genes might lead to the recruitment of HMTs that generate methylations on H3K9, we treated the cells with specific inhibitors of HMTs. We used BIX01294, a potent, selective G9a and G9a-like protein histone lysine methyltransferase inhibitor; UNC0638, a potent, selective, and reversible G9 and G9a-like protein histone methyl transferase inhibitor; and Chaetocin, a nonselective histone lysine methyltransferase inhibitor. First, we verified that the HMT inhibitors indeed reduced the global levels of H3K9 methylation in cells (Fig.  S8) . Next, we added the HMT inhibitors 24 h before the dox induction of the gene and the shRNA (the inhibitor was present throughout the experiment). While the inhibitors did not change the levels of the transcription site intensity of the control cells, they all had an enhancing effect on transcription in the sh-GFP-treated cells, with Chaetocin having the largest effect (Fig. 6 ). This meant that histone methylation was induced by the sh-GFP expression, leading to transcriptional repression. To verify this, the cells were treated with 5-Aza-2′-deoxycytidine, which is a potent DNA methyltransferase 1 inhibitor, but no change was seen (Fig. S9 A  and B) , strengthening the results of the bisulfite conversion, and showing that methylation was not occurring at the DNA level, but rather on the histone level. Finally, when the sh-GFP was first induced for 24 h and then the inhibitors were added for another 24 h, we could still observe a relief in the transcriptional repression conferred by the shRNA-mediated nuclear RNAi (Fig. S9 C-F) , implying that the repressive state is a transient one.
Finally, certain protein factors have been implicated in the binding of the mRNA and the small guide RNA, such as AGO1 and AGO2 (26) . AGO proteins and heterochromatin protein 1 (HP1) have been associated with nuclear RNAi (27, 28) , and AGO1 has been found to specifically bind a variety of gene sequences on a genome-wide level (29) . We therefore examined whether knockdown of these factors (Fig. S10 A-F) would antagonize the nuclear RNAi effect. When we knocked down AGO1 and AGO2 together in E6 cells that also expressed the sh-GFP (Fig. 7A) , (Fig. 7A) . This was also seen when only AGO2 was knocked down (Fig. S10G) . Knockdown of HP1γ also abolished the RNAi effect (Fig. 7B) . Altogether, we have observed that the nuclear RNAi effect was mediated in part or in whole at the transcription level, when the shRNA was directed toward the coding region of the target gene.
Discussion
Nuclear RNAi can modulate gene expression. Mechanisms of transcriptional activation, gene silencing, and RNA degradation are probably at play, but how exactly the RNAi message is conveyed to the gene is not completely understood. Hence, it is important to identify which elements of the transcription process are being targeted by the small RNAs (6). One option is that the small RNAs are targeting the nascent RNAs transcribed on the gene. This makes sense, since the core of cytoplasmic RNAi is based on the hybridization of mRNA:small-RNA complementary sequences, and therefore the general mechanism might be conserved in all cell compartments. Along these lines, significant attention has focused on regulatory RNAs transcribed from promoter regions (such as antisense lncRNAs) and the transcriptional effect of shRNAs/miRNAs that share homology with the promoter regions (13, (30) (31) (32) (33) (34) (35) (36) (37) (38) . Indeed, the recruitment of AGO2 to promoter transcripts was also identified, although it seemed that cleavage of the promoter RNAs was not required for gene activation. This suggests that the RNA:small-RNA hybrid acts as a scaffold for small RNA-mediated recruitment of AGO2 and other RNAi factors, followed by chromatin modifying enzymes that modulate gene expression, without the need to induce RNA cleavage, as found for cytoplasmic RNAi. However, we cannot rule out the possibility that the well-accepted posttranscriptional gene silencing process occurring in the cytoplasm can elicit a feedback signal that reaches the nucleus, and modulate the levels of gene activity. Such indirect siRNA feedback mechanisms might occur (39) in conjunction with a direct shRNA effect, and require further research.
In this study, we examined the nuclear RNAi process in human cells and in real time. Importantly, the small RNAs generated were not targeted to the promoter region; rather, we used shRNAs targeting the coding region of two different genes. Particularly, we found that the shRNA could induce transcriptional repression even when the targeted sequence was far downstream from the promoter region. We focused mainly on two genes with different inducible promoters, stably transfected into human cells. Both genes encode fluorescent fusion proteins, and therefore the GFP/CFP region was the chosen target for the shRNA; in the E6 gene, the CFP coding region is located close to the 3′ end of the transcript, while, in the GFP-Dys gene, the GFP coding region is in the 5′ region. In both cases, a significant reduction in gene expression was observed after the induction of shRNA expression (Fig. 7C) . Other shRNA sequences that did not target the particular genes had no effect on the transcriptional activity of these genes. The transcriptional silencing effect was quite potent, since the tested genes were integrated as tandem arrays and formed very large transcribed gene loci upon regular transcriptional induction, whereas the size of these active transcription sites was dramatically reduced upon shRNA induction. The RNAi effect could also be detected on an endogenous gene.
The levels of transcription of the genes were examined by livecell imaging and by RNA FISH. Accordingly, the levels of the nascent mRNAs on the active transcription sites were very low after shRNA induction. We then tested whether the reduced transcription levels also affect RNA polymerase II levels. Indeed, the levels of RNA polymerase II were also reduced, suggesting that the RNAi effect was radiating from downstream areas of the gene to the promoter region, thus reducing promoter firing events. This also implied that the silencing effect was caused by the binding of the small RNAs to the nascent mRNAs. Studies on transcriptional modulation and heterochromatin assembly in yeast have shown that nuclear RNAi can assemble on nascent transcripts (18) . Recently, it was demonstrated in Schizosaccharomyces pombe that the nuclear RNAi requires transcription of nascent mRNAs to achieve an epigenetic silencing effect (20) . That study also showed that shutting down gene activity required a "transcriptional window" with conditions that are optimal for silencing. Those authors found that the heterochromatin formation induced by the siRNAs required transcription levels that were above a minimal threshold. Interestingly, we also found that silencing could only be observed after several hours and that the shRNA had to accumulate to high levels. Since the target gene and the shRNA were induced at the same time, we first observed regular transcriptional induction kinetics on the gene, and, only some hours later, when the shRNA was exported from the nucleus, processed, returned probably to the nucleus at high levels, and then recruited HMTs to the genes, could we see a silencing effect on the gene.
It is important to note that the live-cell imaging experiments demonstrate that the RNAi effect occurs during the life cycle of a cell and does not require passage through mitosis, since it might be assumed that the RNAi machinery reaches the nucleus only after cell division via the mixing of the nuclear and cytoplasmic compartments. This, however, is not the case, which means that there is entry of the small silencing RNAs from the cytoplasm to the nucleus, as shown for the shuttling of nuclear RNA-induced silencing complex from the cytoplasm to the nucleus (40) . Inhibitors of the HMTs partially antagonized the silencing effect (Fig. 7C) , showing that these enzymes function after the siRNA recruitment. This suggests that other modifications might be involved and/or that nuclear RNAi can cause some levels of RNA degradation. Importantly, knockdown of proteins involved in the RNAi activity such as AGO proteins and HP1 (27) (28) (29) 41 ) also antagonized the shRNA effect, corroborating their centrality in the nuclear RNAi process. Future experiments should elucidate which other factors mediate transcriptional silencing and are recruited by the nuclear RNAi machinery to modulate gene expression.
Materials and Methods
shRNA Plasmids. The sh-GFP and sh-p53 lentivirus plasmids were a kind gift from Dr. Oded Singer, Weizmann Institute of Science, Rehovot, Israel. The shp53 plasmid encodes an anti-p53 shRNA, driven by the H1 Pol III promoter, while sh-GFP encodes an anti-GFP shRNA, driven by the U6 Pol III promoter (42) .
The shRNA-encoding segments were designed to contain a sense passenger strand of 19 (p53) or 20 (GFP) nucleotides, a short spacer (TTCAAGAGA), the reverse complement guide strand, and five consecutive thymidines serving as an RNA polymerase III transcriptional stop signal.
sh-GFP (20 bp): GCAAGCTGACCCTGAAGTTC sh-p53 (19 bp): GACTCCAGTGGTAATCTAC.
TRIPZ-shRNA Plasmids. The Tet-inducible pTRIPZ lentiviral vector was purchased from Open Biosystems Inc. Cloned pTRIPZ derivatives (tRFP/sh) bearing shRNA targeting sequences were designed within a 97-bp PCR template oligonucleotide containing 22 bp of passenger/guide complementary sequences, a 19-bp hairpin, and miR-30-derived flanking sequences at both ends (43) . PCR amplification of the 97-bp sequence was carried out using a Pfu DNA polymerase (Thermo Scientific) and two common primers flanking the 97-bp DNA ends containing restriction sites for XhoI and EcoRI PCR conditions were as follows: initial incubation at 95°C for 1 min, 25 cycles of 95°C for 30 s, 54°C for 30 s, and 72°C for 1 min, followed by a Fig. 6 . Inhibitors of HMTs antagonize the shRNAmediated transcriptional silencing. E6-and E6+sh-GFPinfected cells were treated with histone lysine methyltransferase inhibitors (A) BIX01294 and (C) Chaetocin for 24 h, and then induced by dox for another 24 h. Transcription sites were detected using RNA FISH with a probe that hybridizes to the MS2 region in the E6 mRNA. E6+sh-GFP infected cells showed a reduction in transcription site size and weakened intensity after dox induction. Treatment with BIX 01294 and Chaetocin for 24 h before dox induction caused an increase in size and intensity of transcription sites, compared with sh-GFP treated cells. In red, tRFP protein expression levels. (Scale bar, 10 μm.) (B) Quantitative analysis of transcription site intensities during BIX01294 treatment demonstrated an increase of 25% in the intensity of the transcription sites in treated cells compared with the nontreated E6+sh-GFP-infected cells; n(E6 cells) = 134, n(E6+ Bix01294 cells) = 171, P = 0.338; n(E6+sh-GFP cells) = 136, n(E6+sh-GFP+Bix01294 cells) = 115, P = 6.54E-10. In the boxplots: mean, diamond; median, horizontal line. ***P < 0.001; n.s, nonsignificant = P > 0.05. (D) Quantitative analysis of Chaetocin treatment demonstrated an increase of 35% in the mean intensity of the transcription sites in E6+sh-GFPinfected cells n(E6 cells) = 41, n(E6+Chaetocin cells) = 48, P = 0.097; n(E6+sh-GFP cells) = 51, n(E6+ sh-GFP+Chaetocin cells) = 51, P = 1.96E-7. In the boxplots: mean, diamond; median, horizontal line. ***P < 0.001; n.s = P > 0.05.
final incubation at 72°C for 10 min. The length of the PCR product in each case was 137 bp.
Products were subsequently purified from the PCR by phenol−chloroform extractions. DNA was recovered by precipitation with ethanol and a glycogen carrier. Products were then digested with EcoRI/XhoI, and the ∼114-bp resulting shRNA-encoding stem−loop−stem-containing fragments were run on a 2% agarose gel, purified, and recovered using the "HiYield TM Gel/PCR DNA Fragments Extraction Kit" (RBC). Following was ligation of the purified fragments into the EcoRI/XhoI-digested pTRIPZ vector. Sequences of shRNA generated in the pTRIPZ plasmids were verified by sequencing from both ends.
Cell Maintenance and Transfection. HEK293T and HEK293 were cultured under standard conditions at 37°C, 5% CO 2 , in DMEM supplemented with 10% FBS, 4 mM Glutamine, 100 IU/mL Penicillin, and 100 μg/mL Streptomycin (Biological Industries). Human U2OS cells were maintained in low-glucose DMEM containing 10% FBS, 100 IU/mL Penicillin, and 100 μg/mL Streptomycin (Biological Industries). E6 cells and GFP-Dys cells were previously described (21, 22) . E6 cells were induced with 2 μg/mL dox (Sigma), and GFP-Dys cells were induced with 10 μg/mL PonA (Enzo). Stable expression of YFP-MCP was obtained by cotransfection of cells with the YFP-MCP plasmid (10 μg) alongside a puromycin resistance plasmid (300 ng) using calcium phosphate transfection followed by simultaneous selection with Zeocin (50 μg/mL; Invivogen) and puromycin (1 μg/mL; Invivogen).
Stable expression of GFP for the genomic methylation study was performed by transfecting HEK293 cells with a CMV-promoter-driven peGFP-N1 plasmid (Clontech), followed by selection with 1 mg/mL G418 (A.G. Scientific). Individual cell clones expressing GFP under the CMV promoter were used for further manipulations.
Transient transfections of HEK293T or U2OS cells were carried out using Lipofectamine 2000 (Invitrogen) or DNA-In (MTI-GlobalStem) according to the manufacturer's instructions. Cells were trypsinized and plated in 6-well or 24-well plates 24 h before transfection. Cells were cotransfected with mCherry or pDsRed-N1 (encoding DsRed-Express) and the shRNA plasmids.
Lentivirus Production. Plasmids encoding shRNA from the Pol III promoterdriven constructs and the Tet-inducible pTRIPZ constructs were used to generate replication-incompetent lentivirus titers in HEK293T producer cells, by the BES-calcium phosphate transfection method, according to standard protocols. Second-generation helper plasmids psPAX2 and pMD2.G were used to produce the VSV-G pseudotyped virus (a kind gift of Didier Trono, École polytechnique fédérale de Lausanne, Lausanne, Switzerland). Viral Supernatants were concentrated by ultracentrifugation on a 20% sucrose cushion and suspended in a small volume of PBS.
Virus Infection and pTRIPZ Induction. For generation of stable sh-GFP/sh-NS cells, 1 d before infection, E6 or GFP-Dys U2OS cells were seeded at 2 × 10 5 cells per well in a six-well plate, in DMEM containing 10% FBS and Penicillin/Streptomycin. On the day of infection, medium was changed to contain 8 μg/mL polybrene. Ultracentrifuge-concentrated shRNA-encoding virus was then added to each well. Cells were spun at 800 × g for 90 min at 32°C, after which they were allowed to recover for 24 h. Thereafter, medium was changed daily. Induced wells were supplemented with 2 μg/mL dox.
Quantification of GFP Fluorescence Levels. Cells were lysed with lysis buffer composed of 0.15 M NaCl, 10 mM Tris pH 7.4, 1 mM EDTA, 1 mM PMSF, and 2% CHAPS (Sigma). Net fluorescence intensity after negligible background subtraction of the lysis buffer fluorescence was determined using a Fluoroscan Ascent CF microplate reader with the 485/527 excitation/emission filters for GFP or 544/590 for DsRed.
Flow Cytometry. Stable expression of tRFP/sh-GFP was performed by infecting the E6 cells with TRIPZ-sh-GFP and selection with puromycin (2 μg/mL). Cells with very high expression levels of tRFP were collected by FACS (FACSAria III; BD Biosciences).
Fluorescence in Situ Hybridization. Cells were grown on coverslips coated with Cell-Tak (BD Biosciences) and fixed for 20 min in 4% paraformaldehyde, and overnight with 70% ethanol at 4°C. The next day, cells were washed with 1× PBS and treated for 2.5 min with 0.5% Triton X-100. Cells were washed with 1× PBS and incubated for 10 min in 40% formamide (4% SSC; Sigma). Cells were hybridized overnight at 37°C in 40% formamide with a specific fluorescently labeled Cy3 DNA probe (∼10-ng probe, 50-mer). The next day, cells were washed twice with 40% formamide for 15 min and then washed for 2 h with 1× PBS. Nuclei were counterstained with Hoechst 33342, and coverslips were mounted in mounting medium. The probe for the MS2 binding site was CTAGGCAATTAGGTACCTTAGGATCTAATGAACCCGGGAATACTGCAGAC. Stellaris (Biosearch Technologies) RNA FISH on the IPO7-YFP U2OS cells (25) transiently expressing sh-GFP/sh-NS was performed according to the manufacturer's adherent cell protocol with a Cy5-labeled YFP probe set. Immunofluorescence. Cells were grown on coverslips coated with Cell-Tak (BD Biosciences), washed with PBS, and fixed for 20 min in 4% paraformaldehyde. Cells were then permeabilized with 0.5% Triton X-100 for 3 min. After blocking, cells were immunostained for 1 h with a primary antibody, and, after subsequent washes, the cells were incubated for 1 h with secondary fluorescent antibodies. Primary antibodies were goat anti-AGO1/EIF2C1, rat anti-AGO2 (Sigma), mouse anti-Dicer, rabbit antiDrosha, rabbit anti-H3K9me2 (Abcam), rat anti-RNA Pol II antibody (Chromotek), and rabbit anti-pan-HP1 (Gene Tex). Secondary antibodies were Alexa 488-goat anti-rabbit, Alexa 647-chicken anti-rat, Alexa 594-goat anti-mouse (Invitrogen), and Alexa 488 anti-rat (Life Technologies). Nuclei were counterstained with Hoechst 33342 (Sigma), and coverslips were mounted in mounting medium.
siRNA Knockdowns. E6 cells expressing sh-GFP or sh-NS were transfected with siRNA to AGO1 or AGO2 (Trifecta Kit; IDT) or siRNA to HP1γ as described in ref. 44 , using Lipofectamine 2000. The mRNA expression levels of AGO1, AGO2, HP1γ, and GAPDH were examined by semiquantitative RT-PCR from total RNA using Tri Reagent (Sigma) 72 h after siRNA transfection. Primers used were as follows (for, forward; rev, reverse): Western Blotting. SDS/PAGE and Western blotting were performed as previously described (45) . Primary antibodies used were mouse anti-GFP (Roche), rabbit anti-MCP (#ABE76; Merck), and rabbit anti-tubulin (Abcam). The secondary antibody was an HRP-conjugated goat anti-rabbit (Millipore) and an HRP-conjugated goat anti-mouse (Jackson). Immunoreactive bands were detected by the Enhanced Chemiluminescence kit (ECL; Pierce). Experiments were performed three times.
RT-PCR. Total RNA was produced using Tri-Reagent (Sigma), and DNA was removed using Turbo-DNase free kit (Ambion). The cDNA (1 μg of RNA) was synthesized using the ReverseAid First Strand cDNA Synthesis Kit (Quanta). The cDNA was amplified by conventional PCR with primers to β-globin (E6) mRNAs (first exon and second exon regions). Exon 1 for: TCTGACACAACTGTGTTCAC Exon 2 rev: TCCACGTGCAGCTTGTCACA GAPDH was used as a normalization control (same primers as above). The reaction (25 μL total volume) contained 2× Gotaq green mix (Promega), 1 μL of gDNA dilution, 0.5 mM of each primer, and water. The reaction was performed using SensoQuest (Danyel Biotech) following the protocol: 2 min at 94°C, followed by 35 cycles consisting of 60-s denaturation at 94°C, 60-s annealing at 52°C, and 60-s extension at 72°C.
siRNA Quantification by RT-qPCR. We followed the protocol for quantifying small RNA levels by RT-qPCR using poly(A) tailing and reverse transcription (RT) as described (24) , and specific primers were designed using the miRprimer software (46) . Total RNA was extracted (Tri Reagent) and used for cDNA synthesis: 100 ng of RNA in a final volume of 10 μL including 1 μL of 10× poly(A) polymerase (PAP) buffer, 0.1 mM of ATP, 1 μM of RT primer, 0.1 mM of each deoxynucleotide (dATP, dCTP, dGTP, and dTTP), 100 units of M-MuLV reverse transcriptase (New England Biolabs), and 1 unit of PAP (New England Biolabs) were incubated at 42°C for 1 h followed by enzyme inactivation at 95°C for 5 min. The sequence of the RT primer (IDT) was 5′-CAGGTCCAGTTTTTTTTTTTTTTTCG. The cDNA was amplified using the following primers:
sh-GFP primers: for -GCAGGAACTTCAGGGTCAG rev -CAGTTTTTTTTTTTTTTTCGGCAA miRNA (miR)-21 primers: for -TCAGTAGCTTATCAGACTGATG rev -CGTCCAGTTTTTTTTTTTTTTTCAAC.
Real-time PCR (qPCR) was performed using the primers listed above, and PerfeCTa SYBR Green FastMix, ROX (Quanta Biosciences) according to the manufacturer's protocol on a CFX-96 system (Bio-Rad). Analysis was performed with the software Bio-Rad CFX manager. Relative levels of RNA expression were measured as the ratio of comparative threshold cycle to miR-21 as an internal control. This miRNA is abundant in U2OS cells. All negative controls gave negative results. The controls were cDNA from dox-induced E6/sh-GFP RNA that did not undergo treatment with PAP, a reaction with doxinduced E6/sh-GFP RNA that did not undergo treatment with M-MuLV RT, a reaction with dox-induced E6/sh-GFP RNA that did not undergo treatment with both enzymes, and a reaction with both enzymes and without RNA.
Transcription Site Quantification. Measuring the sum of intensity of RNA signals on the active genes was performed manually using ImageJ, and background was subtracted from all measurements. Intensity of the active transcription site (Is) was measured for each frame. Background from another location in the nucleus (In) was subtracted for each frame, and the final intensity was calculated using: I = Is(t) − In(t) and then normalized to the highest intensity. Quantifications were applied to experiments performed on different days.
Fluorescence Microscopy, Live-Cell Imaging, and Data Analysis. Wide-field fluorescence images were obtained using the Cell^R system based on an Olympus IX81 fully motorized inverted microscope (60× PlanApo objective, 1.42 NA) fitted with an Orca-AG CCD camera (Hamamatsu) driven by the Cell^R software. Live-cell imaging was carried out using the Cell^R system with rapid wavelength switching. For time-lapse imaging, cells were seeded on glass-bottomed tissue culture plates (MatTek) coated with Cell-Tak (BD Biosciences) in medium containing 10% FBS at 37°C. The microscope is equipped with an incubator that includes temperature and CO 2 control (Life Imaging Services). For long-term imaging, several cell positions were chosen and recorded by a motorized stage (Scan IM; Märzhäuser). Cells expressing YFP-MCP were imaged in three dimensions (10-μm-wide stack per time point; 0.8 μm between planes) every 15 min, for 9 h. For presentation of the movies, the 4D image sequences were transformed into a time sequence using the maximum or sum projection options or manually selecting the infocus plane using the ImageJ software. Time-lapse data were collected from single cells in several fields and on several days until reaching an appropriate sample size, and then all single-cell data were pooled and either averaged and presented as plots or presented as single-cell data. For displaying of cells with very small transcription sites (due to RNAi) versus cells with large transcription sites (normal transcription) in the same field or in the same figure, in some cases, full original images required adjustment such that the weak transcription sites or the tRFP would be visible to the reader. In some figures, the images were inverted or presented in pseudocolors using different look-up tables (LUTs in ImageJ: Cyan Hot, Grays, or Fire as noted) to generate better representation of the data.
Tracking and Data Analysis. The intensity of the active transcription sites labeled with YFP-MCP in time-lapse 3D movies was analyzed using Imaris (Bitplane). The sum of intensity (Is) for each transcription site was measured using Imaris spot tracker. Mean intensity of the nucleus (In) was measured for each frame and was multiplied by the number of pixels covered by the transcription site. This value was subtracted from the sum of intensity at the transcription site. The final intensity was calculated using: I = Is(t) − In(t) and then normalized to the initial intensity. Corrected intensity of the bleaching was calculated using the average intensity of the nucleus (Iavg n), Experiments were performed on different days.
Statistical Analysis. A two-tailed t test was performed in the following experiments: FISH quantification, RT-qPCR, and live-cell movie analysis.
Treatment of Cells with DNA Methyltransferase Inhibitors. E6-and E6+sh-GFPinfected cells were seeded in a 24-well plate; 5-Aza-dC (Sigma) was dissolved
